Background: Omega-3 fatty acids are known to prevent cardiac death. However, previous observational studies have suggested that omega-3 fatty acids are associated with cancer risk in adults. We conducted a meta-analysis based on randomized controlled trials to evaluate the effect of omega-3 fatty acids on the risk of cancer incidence, nonvascular death, and total mortality. Methods: In February 2013, we performed electronic searches in PubMed, EmBase, and the Cochrane Library to identify randomized controlled trials on cancer incidence, nonvascular death, and total mortality. Relative risk (RR) was used to measure the effect of omega-3 fatty acid supplementation on the risk of cancer incidence, nonvascular death, and total mortality using a random-effect model. The analysis was further stratified by factors that could affect the treatment effects.
Background
Omega-3 fatty acid supplementation has been suggested to reduce the risk of cancer incidence [1] [2] [3] , including that of colorectal [1] , lung [2] , and prostate [3] cancers. However, observational studies often overestimate the size of the effect and do not prove causality. Omega-3 fatty acid-derived eicosanoids influence many physiological processes such as calcium transport across cell membranes, angiogenesis, apoptosis, cell proliferation, and immune cell function [4] [5] [6] , all of which might play a role in cancer risk.
Omega-3 fatty acid supplementation has been studied in numerous, large-scale, randomized, controlled trials for primary and secondary prevention of cardiovascular outcomes [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . We could gain insight into the risk of cancer between omega-3 fatty acid supplementation and a placebo, with a study involving a long-term follow-up period and proper collection of cancer data. Therefore, we conducted a systematic review and meta-analysis of pooled data from randomized controlled trials to evaluate the possible effect of omega-3 fatty acid supplementation on cancer incidence, nonvascular death, and total mortality.
Methods
Data sources, search strategy, and selection criteria This review was conducted and reported according to the Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) Statement [18] , issued in 2009 (Additional file 1: Table S1 ). Randomized controlled trials of omega-3 fatty acid supplementation, written in the English language, were eligible for inclusion in our meta-analysis, regardless of the publication status (published, in press, or in progress), and the effects of omega-3 fatty acid supplementation on cancer incidence, nonvascular death, and total mortality were examined. Relevant trials were identified using the following procedure:
(1) Electronic searches: we searched the PubMed, EmBase, and Cochrane Central Register of Controlled Trials electronic databases for articles published through February 2013 and used "linolenic acid" OR "timnodonic acid" OR "ALA" OR "EPA" OR "docosahexaenoic acid" OR "DHA" OR "omega-3 fatty acid" OR "fish oil" AND "randomized controlled trials" AND "clinical trials" AND "human" as the search terms. All reference lists from reports on non-randomized controlled trials were searched manually for additional eligible studies.
(2) Other sources: we searched ongoing randomized controlled trials in the metaRegister of Controlled Trials, which lists trials that are registered as completed but not yet published. Furthermore, we reviewed bibliographies of publications for potentially relevant trials. Medical subject headings, methods, patient population, interventions, and outcomes variables of these studies were used to identify relevant trials.
The literature search, data extraction, and quality assessment were undertaken by two authors (YFZ and AJH), independently with a standardized approach. Any inconsistencies between these 2 authors (YFZ and AJH) were settled by the primary author (YHZ) until a consensus was reached. We restricted our research to randomized controlled trials, which were less likely to be subjected to confounding variables or bias views than observational studies. The study was eligible for inclusion if the following criteria were met: (1) the study was a randomized controlled trial; (2) the trial evaluated the effects of omega-3 fatty acid supplementation compared to a placebo; (3) the duration of the study's follow-up period was at least 6 months; and (4) the trial reported at least 1 outcome as either cancer incidence, nonvascular death, or total mortality.
Data collection and quality assessment
All data from eligible trials were independently abstracted, in duplicate, by 2 independent investigators (YFZ and HFG) with a standard protocol and reviewed by a third investigator (YHZ). Any discrepancies were resolved by a group discussion. The data collected included baseline characteristics (first author or study group's name, publication year, study design, type of blinding, number of patients, mean age, percentage of males, patient diseases, intervention regimes, and the duration of the follow-up period). The outcomes investigated included cancer incidence, nonvascular death, and total mortality. Study quality was assessed using the Jadad score [19] , which is based on the 5 following subscales: randomization (1 or 0), concealment of the treatment allocation (1 or 0), blinding (1 or 0), completeness of follow-up (1 or 0), and the use of intention-to-treat analysis (1 or 0). A "score system" (ranging from 1 to 5) has been developed for quality assessment. In our study, we considered a study given a score of 4 or above to be a high-quality study.
Statistical analysis
We allocated the results of each randomized controlled trial as dichotomous frequency data. Individual study relative risks (RRs) and 95% confidence intervals (CIs) were calculated from event numbers extracted from each trial before data pooling. The overall RR and 95% CIs of cancer incidence, nonvascular death, and total mortality were also calculated. Both fixed-effect and randomeffects models were used to assess the pooled RR for omega-3 fatty acid supplementation compared to a placebo. Although both models yielded similar findings, results from the random-effects model presented here assume that the true underlying effect varies among included trials [20, 21] . Heterogeneity of the treatment effects between studies was investigated visually by a scatter plot analysis as well as statistically using the heterogeneity I 2 statistic [22, 23] . We explored potential heterogeneity in estimates of the treatment effects with univariate meta-regression (for sample size, mean age, percent men, and duration of the follow-up period) [24] . Subsequently, subgroup analyses were conducted on the basis of publication year, number of patients, percent men, mean age, intervention, primary or secondary prevention, duration of the follow-up period, and the Jadad score [19] . Interaction tests [25] were performed to compare differences between estimates of the 2 subsets, which were based on Student t distribution rather than on normal distribution because the number of inclusive studies was small. We also performed a sensitivity analysis by removing each individual trial from the metaanalysis. Visual inspections of funnel plots for cancer incidence, nonvascular death, and total mortality were conducted. The Egger [26] and Begg tests [27] were also used to statistically assess publication bias for cancer incidence, nonvascular death, and total mortality. All reported P values are two-sided, and P values of <0.05 were considered statistically significant for all included studies. Statistical analyses were performed using STATA software (version 10.0).
Results
We identified 8,746 articles from our initial electronic search, of which 8,314 were excluded during an initial review (title and abstract). We retrieved the full text for the remaining 432 articles, and 19 randomized controlled trials [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [28] [29] [30] [31] [32] [33] [34] [35] met the inclusion criteria ( Figure 1 and Additional file 2: Figure S1 ). Table 1 summarizes the characteristics of these trials and the important baseline information of the included 68,954 individuals. The trials included in this study compared omega-3 fatty acid supplementation to a placebo for cancer incidence, nonvascular death, and total mortality. The follow-up period for participants ranged from 10 to 74.4 months, and the number of individuals included in each trial ranged from 36 to 18645. The breakdown for the number of trials available for each outcome were 11, 16, and 17 for cancer incidence [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] , nonvascular death [7, 8, [11] [12] [13] [14] [15] [16] [28] [29] [30] [31] [32] [33] [34] [35] , and total mortality [7, 8, [11] [12] [13] [14] [15] [16] [17] [28] [29] [30] [31] [32] [33] [34] [35] , respectively. We restricted the inclusion criteria to randomized controlled trials with a 6-month minimum follow-up to ensure a reliable conclusion. Although the included trials scarcely reported on the key indicators of trial quality, the quality of the trials was also assessed by the Jadad score [19] . Overall, 4 trials had a Jadad score of 5, 7 trials had a score of 4, 4 trials had a score of 3, 2 trials had a score of 2, and the remaining 2 trials had a score of 1.
Data for the effect of omega-3 fatty acid supplementation on cancer incidence included 39,122 individuals and reported 1,039 cancer events. Overall, omega-3 fatty acid supplementation increased the risk of cancer incidence by 10%, but this increase was not statistically significant (RR, 1.10; 95% CI: 0.97-1.24; P = 0.12, without evidence of heterogeneity, Figure 2) . A sensitivity analysis indicated that the results were not affected by sequential exclusion of any particular trial from all pooled analysis. Similarly, the non-significant response persisted after a cumulative meta-analysis for cancer incidence was conducted (Additional file 3: Figure S2) .
Data for the effect of omega-3 fatty acid supplementation on nonvascular death included 66,204 individuals and 2,439 events of nonvascular death. There were no differences observed between participants receiving omega-3 fatty acid versus those receiving the placebo for nonvascular death (RR, 1.00; 95% CI: 0.93-1.08; P = 1.00, Figure 3 ), and no statistical heterogeneity was observed between trials (P = 0.94). After sequential exclusion of each trial from all pooled analysis, the results were not affected by exclusion of any specific trial. In a cumulative meta-analysis for nonvascular death (Additional file 4: Figure S3 ), the omega-3 fatty acid effect remained unchanged, i.e., not statistically significant.
Data for the effect of omega-3 fatty acid supplementation on total mortality included 68,705 individuals and reported 7,025 total mortality events. We noted that omega-3 fatty acid supplementation showed a 5% reduction in total mortality; however, there was no supporting evidence to show that omega-3 fatty acid protected against total mortality risk (RR, 0.95; 95% CI: 0.88-1.03; P = 0.24, Figure 4 ). Heterogeneity was observed in the magnitude of the effect across the trials (I 2 = 46.3%; P = 0.02). However, after sequential exclusion of each trial from all pooled analysis, the conclusion was not affected by the exclusion of any specific trial. In a cumulative meta-analysis for total mortality (Additional file 5: Figure S4 ), the originally proposed significant omega-3 fatty acid effect was refuted by evidence accumulated up to 2003 and has continued to linger around a small effect and borderline statistical significance.
Heterogeneity testing for the analysis showed a P > 0.10 for cancer incidence and nonvascular death. We concluded that heterogeneity is not significant in the overall analysis, suggesting that most variation was attributable to chance alone. However, substantial heterogeneity was observed in the magnitude of the effect for total mortality across the trials. We, therefore, conducted a metaregression [24] analysis including sample size, mean age, percent men, and duration of the follow-up. However, these variables did not seem to be important factors contributing to the association between omega-3 fatty acid supplementation and total mortality risk (sample size, Subgroup analyses were also conducted for cancer incidence, nonvascular death, and total mortality to evaluate the effect of omega-3 fatty acid supplementation in a specific population. We noted that omega-3 fatty acid supplementation was associated with a reduction in total mortality risk if the trials were published before 2000, the number of individuals in the study was less than 1000, the proportion of men in the study was more than 80%, or participants received alpha-linolenic acid. No other significant differences were identified in predefined factors between those who took omega-3 fatty acid or placebo. Furthermore, there was no other significant difference in the effects of omega-3 fatty acid between the 2 subgroups by factors that could affect the treatment effects (Table 2) .
A review of funnel plots could not rule out the potential for publication bias for lung cancer (Additional file 6: Figure S5 ). The Egger [26] and Begg test [27] results showed no evidence of publication bias for cancer incidence (Egger: P = 0.663; Begg: P = 0.876), nonvascular death (Egger: P = 0.519; Begg: P = 0.620), and total mortality (Egger: P = 0.255; Begg: P = 0.174).
Discussion
Several previous observational studies [1] [2] [3] have suggested that omega-3 fatty acid supplementation has a marked effect on cancer incidence. Kato and colleague [1] performed a prospective study of omega-3 fatty acid (fish or shellfish diet) and colorectal cancer in New York and Florida. This prospective study included 14724 individuals and found a 51% reduction in the risk of colorectal cancer with omega-3 fatty acid dietary consumption. Furthermore, Takezaki et al. [2] concluded that frequent fresh fish consumption, irrespective of the cooking method, might reduce the risk of lung cancer. However, the effect of omega-3 fatty acid supplementation in reducing the risk of incident cancer has not been confirmed by randomized controlled trials and metaanalysis.
Previous systematic review [36] have evaluated the impact of omega-3 fatty acid supplementation on cancer incidence on the basis of observational studies. These studies encompass a large body of literature spanning numerous cohorts, from many countries, with different demographic characteristics and do not provide any evidence to support a significant association between omega-3 fatty acid and cancer incidence. Our study was based solely on randomized controlled trials and explored all possible correlations between omega-3 fatty acid supplementation and the outcomes of cancer incidence, nonvascular death, and total mortality. This large quantitative study included 68,954 individuals from 19 trials with a broad range of baseline characteristics. The results of our meta-analysis suggest that omega-3 fatty acid supplementation has no effect on the incidence of cancer, nonvascular death, and total mortality.
Our main findings are inconsistent with the findings of previous epidemiologic research [1] [2] [3] , and concluded that omega-3 fatty acid supplementation had no significant benefit or adverse effect on the risk of cancer incidence, nonvascular death or total mortality. The reason for this could be that observational studies may overestimate the effect of omega-3 supplementation.
There was no significant difference between omega-3 fatty acid supplementation and the placebo for the relative risk of cancer incidence. Omega-3 fatty acids do not seem to affect a mechanism of cancer development that is common across the different types of cancers evaluated in this study. Previous observational studies [1] [2] [3] suggested that risk reductions were observed for colorectal, lung, and prostate cancer. However, data on any specific cancer type were unavailable in this study; therefore, we did not identify the association between any specific type of cancer incidence and omega-3 fatty acid supplementation. According to our study, omega-3 fatty acid supplementation resulted in a 10% increase in the risk of cancer incidence, but this difference was not statistically significant. The possible reasons for this lack of significant effect are as follows: (1) the use of background omega-3 fatty acid supplementation might have impaired our ability to identify a treatment effect, and (2) trials included were designed to evaluate the effects of omega-3 fatty acid supplementation on cardiovascular outcomes, but not cancer-related outcomes, these results were derived from very few cases and should be regarded as preliminary results. Furthermore, high intake of omega-3 fatty acid might stimulate carcinogenesis by increasing oxidative DNA damage [37] . Finally, studies with an open, controlled design may have introduced behavioral differences which may have had an impact on the development of cancer. Therefore, although omega-3 fatty acid supplementation may have direct effects on cancer incidence, these effects may be balanced. Furthermore, subgroup analysis also supports that omega-3 fatty acid supplementation does not affect cancer incidence.
Omega-3 fatty acid supplementation might play an important role in reducing the risk of total mortality, due to the improved effects on cardiac death [38] . Our study suggests that omega-3 fatty acid produced a 5% reduction in total mortality; however, this reduction was not statistically significant. The reason for this absence of statistical difference could be that omega-3 fatty acids have no effect on the risk of nonvascular death. Hence, this effect may be reduced by nonvascular death. Subgroup analysis was also conducted on total mortal risk based on pre-defined factors. We noted that omega-3 fatty acid supplementation reduced the risk of total mortality only when we included trials published before 2000, the sample size was less than 1000, the proportion of men in the population was more than 80%, or participants received alpha-linolenic acid. The reason for these findings could be that several factors might affect the efficacy of treatment, which happened to occur more frequently in male patients, such as smoking status. The limitations of our study are as follows: (1) relatively few events of cancer incidence were reported, which always contributed to broad confidence intervals, and restricted us from obtaining an intrinsic effect; (2) different types of supplements might provide a biased view of the study question; (3) data on any specific type of cancer were unavailable, due to which we could not identify the association between any specific type of cancer incidence and omega-3 fatty acid supplementation; and (4) since inherent assumptions are made for any meta-analysis, the analysis used pooled data, and individual patient data was not available, which restricted us from performing a more detailed relevant analysis and obtaining more comprehensive results.
